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We study the recently discovered 73K high-Tc superconductor Ba2CuO3+δ at δ ≃ 0.2 grown un-
der high pressure. Neutron experiments find that the polycrystal exhibits a structure similar to
La2CuO4, but with dramatically different lattice parameters due to the CuO6 octahedron compres-
sion. The resulting crystal field leads to an inverted Cu 3d eg complex with the dx2−y2 orbital sitting
below the d3z2−r2 orbital and an electronic structure highly unusual compared to the conventional
cuprates. We conjecture that the material realizes a new path of in-plane positional oxygen doping,
where the doped oxygens create matrices of compressed Ba2CuO4 embedded in Ba2CuO3. Con-
structing a strongly correlated two-orbital model at hole doping x = 2δ of the Cu d9 state, we show
that the spin-orbital exchange interactions lead to a multiband antiphase d-wave superconducting
state, i.e. a nodal d± pairing state. These findings suggest that the class of unconventional cuprates
with liberated orbitals as doped two-band Mott insulators can be a direction for realizing high-Tc
superconductivity with enhanced transition temperature Tc.
The current understanding of high-Tc cuprate super-
conductors [1] crucially relies on the crystal field due to
the Jahn-Teller distortion of the elongated CuO6 octahe-
dra. The topmost Cu 3d-electron eg states split accord-
ingly into well separated lower d3z2−r2 (dz2) and upper
dx2−y2 (dx2) orbitals (Fig. 1(a)). In the parent com-
pound, such as the prototypical single-layer La2CuO4
(La214), the Cu2+ is in the 3d9 configuration with a fully
occupied dz2 orbital and an active dx2 orbital partially oc-
cupied by one electron. The strong correlation produces
a spin- 12 antiferromagnetic (AF) Mott insulator. Hole
doping leads to an effective one-band model of Zhang-
Rice singlets formed by the hole in the dx2 orbital and a
doped hole in the planar oxygen 2p5 orbitals [2]. The AF
exchange interactions give rise to nodal d-wave high-Tc
superconductivity in the CuO2 planes [3]. Such a picture
describes the vast majority of the conventional cuprates,
where the dormant dz2 orbital plays only a minor role
[4–7].
The recent discovery of high-Tc superconductor
Ba2CuO3+δ at δ ≃ 0.2 [8] highlights a class of “uncon-
ventional” cuprates where the different crystal field dis-
tributions lead to electronic structures with liberated dz2
orbital [9]. The polycrystal samples have been synthe-
sized under high pressure in a strongly oxidizing envi-
ronment and at high temperatures. Extraordinary prop-
erties were observed by a combination of magnetization,
specific heat, neutron scattering, x-ray absorption spec-
troscopy (XAS), and µ spin-rotation (µSR) experiments:
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(i) The polycrystalline BCOδ has an atomic structure
similar to La214, but with dramatically different lattice
parameters due to the octahedral compression, leading to
inverted dz2 and dx2 orbitals as shown in Fig. 1(b); (ii)
The extra Oδ occupy the oxygen sites in the CuO1+δ
planes with no evidence of ordering; (iii) Despite the
large hole doping concentration reflected in the Cu L3
spectrum, the O K-edge XAS shows spectral the weight
transfer similar to optimally doped La214, indicative of
the presence of strong Mott-Hubbard local correlations
[10, 11]; and remarkably, (iv) The superconducting (SC)
transition temperature Tc ≃ 73K, which is nearly twice
that of the conventional cuprates in the La214 family,
and the SC volume fraction is close to 40% in the low
temperature limit. The focus of this work is to provide a
theoretical description of the crystal and electronic struc-
ture, and the nature of the SC state for these experimen-
tal findings. In doing so, we find that the cuprate phe-
nomenology is enriched due to the liberated dz2 orbital
and the two-band doped Mott insulator with strongly or-
bital dependent correlation effects may provide a mech-
anism for the dramatic Tc enhancement.
Based the neutron and µSR measurements, it is in-
structive to consider Ba2CuO3+δ (Ba213δ) at δ ≃ 0.2 as
having the extra Oδ oxygenated into the copper-oxygen
chain plane of the stoichiometric Ba2CuO3 (Ba213)
[12, 13], which would have two domains with Cu-O chains
along either the x or the y directions. Intriguingly,
Ba2CuO4 (Ba214), which is isostructural to La214, ma-
terializes locally around the domain boundary as illus-
trated in Fig. 1(c) for a diagonal domain wall. It is thus
conceivable that the Ba214 would be clustered around
the randomly distributed domain walls, such that Ba213δ
2can be viewed as δ·Ba214⊕(1 − δ)·Ba213, i.e. a matrix
of Ba214 with CuO2 planes embedded in the background
of Ba213 with Cu-O chain planes. This inline with µSR
experiments [8] that find no evidence for in-plane ordered
oxygen superstructures. Since the Cu4+ (3d7) in Ba214 is
not a stable ionization state, self-doping by charge trans-
fer takes place with the Cu2+ in Ba213. Thus, Ba213δ
represents a new path of in-plane positional δ-oxygen
doping, in sharp contrast to conventional cuprates where
doping is achieved by either substitutional or interstitial
dopants, all residing outside the CuO2 plane.
Measuring the doping concentration referenced to the
3d9 configuration in both Ba214 and Ba213 by x and
x′, we have the relation: δx + (1 − δ)x′ = 2δ. Since
the µSR experiments did not observe apparent charge
disproportionation [8], we take the Cu atoms to be of
equal valence in the Ba213 and Ba214 regions, result-
ing in a common heavily overdoped hole concentration
x = x′ = 2δ ≃ 40%. Note that if the entire Ba2CuO3+δ
were viewed as Ba214 with randomly distributed oxygen
vacancies in the plane, one would arrive at the same value
of x and the electronic structure to be discussed below
provided that the vacancy potential is ignored. However,
the high density of such vacancies (∼ 40%) makes the
predication of the SC state less reliable.
Using the structure parameters measured by neutron
scattering (Table S1), we carried out density functional
theory (DFT) calculations for stoichiometric Ba213 and
Ba214 using the Vienna ab initio simulation package
(VASP) [14–16]. The details are described in the sup-
plemental material (SM) [13]. The corresponding band
structures are calculated with the generalized gradient
approximation (GGA) [17]. For Ba213, there is a single
1D band at low energy near the Fermi level, resulting
in two 1D Fermi surface sections in the Brillioun zone
(Fig. S2). The primary d-electron content is dx2−z2 for
the Cu-O chains along the x-direction, which is a lin-
ear combination of the dx2 and dz2 orbitals. We ex-
pect 40% hole-doping of such a single-band to give a
correlated metallic state. In the rest of the paper, we
focus on the compressed Ba214 and show that despite
the heavy hole-doping, a new two-band antiphase d-wave
SC state emerges due to the multiorbital correlated elec-
tronic structure and the spin-orbital exchange interac-
tions.
For compressed Ba214, the obtained DFT band struc-
ture is shown in Fig. 1(d). There are two bands crossing
the Fermi level, originating predominately from the Cu
3dx2 and 3dz2 orbitals. Since the distorted CuO6 octa-
hedron has a shorter distance connecting the Cu to the
apical oxygens than to the planar oxygen (Table S1), the
dz2 orbital couples strongly with the apical oxygen pz or-
bital. The inverted crystal field pushes the atomic energy
of the dz2 orbital to be ∼ 0.93eV above the dx2 orbital.
Thus the atomic limit of the 3d9 configuration has one-
electron in the dz2 orbital while the dx2 orbital is occu-
pied by two electrons (Fig. 1(b)), in contrast to conven-
tional cuprates. Upon crystallization, although the much
FIG. 1. Elongated octahedron in La214 (a) and compressed
octahedron in Ba214 (b) with 6 oxygens (red balls) and one
copper (blue balls). Note the inverted dx2 and dz2 orbitals
due to different crystal fields. (c) Matrix of Ba214 with CuO2
clusters accumulated near a diagonal domain wall of the back-
ground Ba213 with Cu-O chains. (d) DFT band structure of
compressed Ba214 with structural parameters measured by
neutron scattering. (e) Band dispersion of two-orbital TB
model with color coded orbital contents in each band: dx2
orbital (red and 1) and dz2 orbital (blue and 0).
smaller hopping integrals of the out of plane dz2 orbital
produce a narrow band, the dx2 orbital generates a much
wider band through the larger hopping integrals via the
planar oxygen such that the two bands overlap near the
Fermi level (Fig. 1(d)). Thus, we propose that the com-
pressed Ba214 is an unconventional cuprates where both
the dx2 and dz2 orbitals of the eg sector contribute to
superconductivity. Although multi-orbital superconduc-
tivity has been studied extensively for the t2g electrons
in the iron pnictides and chalcogenides superconductors
[18–22], it is new for the eg electrons in the cuprates,
Remarkably, in the presence of strong on-site Coulomb
repulsion, we find that a strong-coupling theory for the
electronic structure predicts a nodal d-wave superconduc-
tor with antiphase pairing gaps on the two Fermi surfaces
at the high doping x = 0.4 achieved experimentally.
To this end, we construct an effective two-orbital model
on the Cu square latticeH = Ht+HI , whereHt describes
the DFT band structure near the Fermi level and HI the
electron correlations. The model is equivalent to a gen-
eralization of the Zhang-Rice singlet construction where
the charge degrees of freedom on the oxygen sites have
been integrated out, and the Cu3+ in the 3d8 configura-
tion includes the spin singlets of a hole (3d9) on Cu-site
and a hole (2p5) on its neighbouring O-sites with com-
patible symmetries to dx2−y2 and d3z2−r2 [2]. Denoting a
3spin-σ electron in the effective dx2 - and dz2 -like orbitals
by dασ, α = x, z respectively, we have
Ht =
∑
kαβσ
εαβk d
†
kασdkβσ +
∑
kσ
eαd
†
kασdkασ , (1)
where eα is the crystal field energy of each orbital.
The lattice structure of Ba214 belongs to the D4h point
group. The intra and interorbital hoppings can be ex-
pressed in terms of the lattice harmonics of A1g symme-
try: γk = cos kx + cos ky, αk = cos kx cos ky, and γ
′
k =
cos 2kx+cos 2ky, and B1g symmetry: βk = cos kx−cos ky
and β′k = cos 2kx− cos 2ky, for up to third nearest neigh-
bor hopping. The corresponding expression for the hop-
ping energies in Eq. (1) is given by εααk = −2tαγk −
4t′ααk−2t
′′
αγ
′
k and ε
xz
k = 2txzβk+2t
′′
xzβ
′
k, where the values
of the hopping parameters are given in Table S2 together
with eα in the SM [13]. The band structure of the two-
orbital TB model is shown in Fig. 1(e). It faithfully rep-
resents the low energy DFT band structure in Fig. 1(d),
including the orbital contents, as a two-band system with
a bandwidth W ≃ 4eV. Since the interorbital mixing εxzk
carries the B1g harmonics, the band structure along the
nodal direction (Γ → M) is orbital diagonal. Moreover,
the interband mixing is also weak along the Γ→ X direc-
tion because of the large band energy separation. How-
ever, the two bands hybridize strongly when the band
energies are close, as seen along X → M . Reproduced
in Fig. 2(a), the Fermi levels are indicated by the dashed
black line for the d9 configuration with ne = 3 electrons,
i.e. the undoped case at x = 0 with orbital occupations
n0z ≃ 1.3 and n
0
x ≃ 1.7; and by the blue dashed line for
the experimentally realized doping level x = 0.4, where
the bare occupations change to n0z = 1.04 and n
0
x = 1.56.
There are two Fermi surfaces (FSs), one electron-like of
dominant dz2 character around Γ and a much smaller
hole-like dx2 FS around M . We next turn to the correla-
tion effects beyond the band description.
The correlation part of the Hamiltonian HI follows
from the standard two-orbital Hubbard model [23–25] for
the eg complex
HI = U
∑
i,α
nˆiα↑nˆiα↓ +
(
U ′ −
1
2
JH
) ∑
i,α<β
nˆiαnˆiβ (2)
− JH
∑
i,α6=β
Siα · Siβ + JH
∑
i,α6=β
d†iα↑d
†
iα↓diβ↓diβ↑,
where the intra and interorbital repulsion U and U ′ are
related to Hund’s rule coupling JH by U = U
′+2JH . We
will set U = 7eV and hence U/W ≃ 1.8, and JH = 0.1U
in the rest of the paper. The strong correlated effects can
be studied using the multiorbital Gutzwiller projection
method [26–28]: Ht+HI → HG = PGHtPG, where PG is
the finite-U projection operator that reduces the statisti-
cal weight of the Fock states with multiple occupations.
The projection can be conveniently implemented using
the Gutzwiller approximation (GA) [26, 27] developed to
study the multiorbital cobaltates [29], Fe-pnictides [28],
FIG. 2. (a) Noninteracting band dispersion with the Fermi
levels at x = 0 (black dashed line) and x = 0.4 (blue dashed
line). (b) Correlated band dispersion at x = 0 and U = 4.4eV :
half-filled flat dz2 band (red line) and completely filled dx2
band (black line). (c) Correlated band structure at x = 0.4
and U = 7eV. (d) Renormalized Fermi surfaces at x = 0.4.
and the monolayer CuO2/Bi2212 [9],
HG =
∑
kαβσ
gσαβε
αβ
k d
†
kασdkβσ+
∑
kσ
(eα+λ
σ
α)d
†
kασdkασ, (3)
where the orbital dependent hopping and crystal field
renormalizations gσαβ and λ
σ
α are determined self-
consistently. We first study the undoped case at x = 0
and ne = 3. The Gutzwiller solution shows that the
ground state is an antiferromagnetic (AF) insulator. It
is remarkable that the AF order is orbital selective, i.e.
the electron correlation induces the interorbital carrier
transfer [29] and drives the dz2 band to half-filling with
nz = 1. The paramagnetic interacting band dispersions
are shown in Fig. 2(b) at U = 4.4eV , exhibiting a half-
filled flat dz2 band, while the dx2 band is pushed below
the Fermi level and completely filled. An insulating gap
opens up with AF ordered moments coming from the lo-
calized dz2 electrons.
For large hole doping at x = 0.4 and ne = 2.6 rel-
evant for the experiments, the correlation renormalized
band dispersions in the paramagnetic state is shown in
Fig. 2(c) and the FSs in Fig. 2(d). Interestingly, while
the correlation induced interband carrier transfer is small
with orbital occupations nz = 1.02 and nx = 1.58 close
to their bare values, the band narrowing effect is strong
and orbital-dependent. The strongly correlated dz2 band
remains close to half-filling and narrows significantly by
a factor gzz = 0.33 while the dx2 band only narrows by
a factor gxx = 0.87. It is thus rather natural to consider
a picture of two-orbital doped Mott insulator where the
4SC state arises from the spin-orbital superexchange in-
teractions of the Kugel-Khomskii type [9, 23, 25]. In the
spin-orbital basis (dx↑, dx↓, dz↑, dz↓)
T , the fermion bilin-
ears at each site can be represented as a tensor product
T µi S
ν
i , where S
µ
i and T
µ
i , µ = 0, x, y, z are one half of the
identity and Pauli matrices acting in the spin and orbital
sectors, respectively. For example, d†ix↓diz↑ = T
+
i S
−
i ,
where T±i = T
x
i ± iT
y
i and S
±
i = S
x
i ± iS
y
i . The spin-
orbital superexchange interactions can thus be derived
and written as
HJ−K =
∑
〈ij〉
[
JSi · Sj +
∑
µν
IµνT
µ
i T
ν
j (4)
+
∑
µν
Kµν(Si · Sj)(T
µ
i T
ν
j )
]
where the J-term is the SU(2) invariant Heisenberg spin
exchange coupling, while the terms proportional Iµν and
Kµν describe the anisotropic orbital and spin-orbital en-
tangled superexchange interactions, respectively, since
the orbital rotation symmetry is broken by the lattice in
Ht. In Ref. [9], it was shown that despite the orbital T
z
i
order induced by the crystal field splitting, the transverse
orbital T±i fluctuations contribute to SC pairing. Thus,
including all contributions to spin-singlet pairing repre-
sented by ∆αβ†ij = d
†
iα↑d
†
jβ↓ − d
†
iα↓d
†
jβ↑ in the spin and
spin-orbit entangled quadruple exchange interactions in
Eq. (4), we arrive at the effective Hamiltonian describing
the possible SC ground states in the strongly correlated
two-orbital model
H = PGHtPG −
∑
〈ij〉
[
Js
2
∑
αβ
∆αβ†ij ∆
αβ
ij
+
K
2
∑
α6=β
(∆αα†ij ∆
ββ
ij +∆
αβ†
ij ∆
βα
ij )
]
(5)
The couplings (Js,K) are explicit functions of tαβ , U ,
and JH [9], but will be considered as phenomenological
parameters in our effective theory.
In the following, we set Js = 200meV andK = 80meV,
and study the emergent SC states in such a two-band
doped Mott insulator at high doping x = 0.4 relevant for
the experiments. To this end, we determine the expecta-
tion values of the nearest neighbor pairing fields
〈∆αβij 〉 =
1
Ns
∑
k,αβ
∆αβbαβ(k)e
ik·(ri−rj), (6)
self-consistently in the Gutzwiller approximation, where
Ns is the number of lattice sites and bαβ(k) the form fac-
tors of different symmetries in the D4h point group of
the crystal: bαα(k) = γk and bxz(k) = βk in the A1g and
bαα(k) = βk and bxz(k) = γk in the B1g channel. Re-
markably, we find that the ground state is a prominent
superconductor with B1g symmetry. In Fig. 3(a) and
3(b), the gap functions are plotted along the FSs, which
exhibit a two-band d±-wave structure with 8 nodes (4 on
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FIG. 3. (a) Normal state FSs at x = 0.4. (b) Anisotropic pair-
ing energy gaps as a function of angle θ depicted in (a) around
two FSs (blue for FS around Γ and red around M), showing
two antiphase d-wave gap functions. (c) Total (red line) and
dz2 orbital contribution (black dashed line) to local tunnel-
ing density of states, showing two d-wave gaps with coherent
peaks around ±25meV and ±9meV. A thermal broadening of
0.5meV is used.
each FS) and an overall sign-change between the two FSs.
This is a strong coupling d-wave analogy of the proposed
s± pairing gap function in Fe-based superconductors.
We stress that the new mechanism of doping an orbital-
selective Mott insulator in the two-band unconventional
cuprate is crucial for the emergent high-Tc SC state in the
highly overdoped region. The close to half-filled, strongly
correlated dz2 band is responsible for the large pairing
gap (∼ 25meV). The highly overdoped wider dx2 band
develops a smaller (∼ 9meV) antiphase gap, but can nev-
ertheless boost the superfluid density. Thus, such a two-
band superconductor can provide both a large pairing
amplitude and a substantial superfluid density for phase
coherence, which are necessary for producing high-Tc su-
perconductivity in doped Mott insulators [3]. It is con-
ceivable that this mechanism provides an explanation for
the nearly doubled Tc compared the isostructural single-
band La214. The calculated orbital resolved local density
of states, Nα(ω) =
∑
kσ Im
∫ β
0 e
iωτ 〈Tτdkασ(τ)d
†
kασ(0)〉,
is shown in Fig. 3(c), exhibiting the mixing of two d-wave
gap functions and the dominate spectral weight from the
dz2 band. We also find that increasing the δ-oxygen den-
sity to δ = 0.45 leads to a different SC state of A1g sym-
metry near the d8 configuration with a two-band s± gap
function [9], in qualitatively agreement with the recent
weak-coupling RPA calculations [30].
5In summary, we presented a theoretical description of
the atomic and electronic structure, and the emergence
of superconductivity of the newly discovered 73K high-
Tc Ba2CuO3+δ at δ = 0.2 [8]. The key difference to the
conventional cuprates is that the high pressure and oxy-
genation growth stabilized polycrystals isostructural to
La214, but with an inverted crystal field due to the com-
pressed octahedron that activates both the dz2 and dx2
orbitals highly overdoped (x = 0.4) from the d9 config-
uration. This is complimentary to the CuO2 monolayer
grown on Bi2Sr2CaCu2O8+δ [31], where the liberation of
the dz2 orbital and nodeless two-band superconductivity
have been argued to arise from the crystal field of the un-
balanced octahedron and the heavy hole-doping through
interface carrier transfer [9]. Constructing a minimal
two-orbital Hubbard model using the DFT band struc-
ture, we found that the correlated electronic states can
be described by a novel doped two-orbital Mott insulator
and materialize a new two-band high-Tc SC state with
d±-wave gap functions through the spin and spin-orbital
exchange interactions. The multiband and the orbital se-
lectivity are crucial for the Tc enhancement at such high
dopings via a combination of strong pairing interaction
and the large superfluid density. The basic prediction
of dz2 orbital libration and two-band superconductivity
should be amenable to experimental tests for two pair-
ing gaps in the heat capacity, NMR, and tunneling mea-
surements in the current polycrystal samples. While fur-
ther experimental and theoretical studies are necessary,
the present theory offers a conjecture that Ba2CuO3+δ
highlights a class of unconventional cuprates, including
the 95K Sr2CuO3+δ [32–34], where in-plane positional δ-
oxygen doping under high-pressure can serve as a route
toward higher Tc by utilizing the electrons partially oc-
cupying both the 3d eg orbitals.
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SUPPLEMENTAL MATERIAL
A. Density functional calculations
Our calculations are performed using density func-
tional theory (DFT) employing the projector augmented
wave (PAW) method encoded in the Vienna ab initio
simulation package (VASP) [1–3]. Generalized-gradient
approximation (GGA) [4] for the exchange correlation
functional is used. Throughout the work, the cutoff en-
ergy is set to be 500 eV for expanding the wave functions
into plane-wave basis. In the calculation, the Brillouin
zone (BZ) is sampled in the k space within Monkhorst-
Pack scheme[5]. On the basis of the equilibrium struc-
ture, the k mesh used is 10× 10× 4. In our calculation,
we adopt the experimental parameters listed in Table.S1
[6] and use the stoichiometric formula Ba2CuO4 (Ba214)
and Ba2CuO3 (B213), whose crystal structures are shown
in Fig. S1(a) and Fig. S2(a). The calculated band struc-
tures are shown in Fig. S1(c) and Fig. S2(c) for Ba214
and Ba213 respectively. Note that the convention of BZ
using the BCO primitive unit cell is slightly different
than the normal cuprate convention. To be consistent
with other cuprates, we use the common convention of
cuprates. As can be seen from Fig. S2, Ba213 has 1D
Cu-O chain planes. We choose the chain to be along the
x direction. As a result, the hopping in the y direction is
greatly reduced due to the lack of oxygen on the bond,
leading to an 1D band with two 1D Fermi surface sec-
tions shown in Fig. S2(b) and (c), which are consistent
with the calculations in Ref. [7].
B. Orbital construction and Tight-binding model
parameters
To construct an effective model describing the band
structures near Fermi level, we can analyze orbital char-
acters of the electronic structure. The dx2−y2 orbital
mixed with the anti-symmetric combination of the in-
plane oxygen px and py orbitals is similar to the Zhang-
Rice singlet of common cuprate contributing a hole
pocket around the M point. Due to the compressed oc-
tahedron, the dz2 orbital strongly hybridizes with the pz
orbital from the top apical oxygen (OA) and bottom api-
cal oxygen (OB), as shown in the left side of Fig. S1(b).
FIG. S1. (a) Crystal structure of Ba2CuO4. (b) Effective
molecular orbital through hybridization between dz2 and api-
cal oxygen pz orbitals. Right side is the schematic molecular
orbital φ1. (c) Calculated DFT band structure.
FIG. S2. (a) Crystal structure of Ba2CuO3 with Cu-O chain
in x direction. (b) The Fermi surface of Ba2CuO3 . (c) Cal-
culated DFT band structure.
One can consider a local molecular model describing
this hybridization. Taking pAz ,dz2 ,p
B
z as the basis, the
effective Hamiltonian of the molecular model can be writ-
7TABLE S2. Hopping parameters of the TB model in eV.
hopping integral 1rd (t) 2nd (t′) 3rd (t′′)
intra-orbital tx -0.4968 0.0503 -0.0652
intra-orbital tz -0.2135 -0.0190 -0.0219
inter-orbital txz 0.3324 0.0 0.0390
ten as
Hlocal =


ǫ1 t 0
t ǫ2 −t
0 −t ǫ1

 (S1)
where ǫ1 and ǫ2 are the on-site energies of the pz and dz2
orbitals. t is the hopping parameter between pz and dz2
orbitals. The eigenvalues of Eq. (S1) can be found as
E1 =
1
2
(ǫ1 + ǫ2 +
√
8t2 + (ǫ1 − ǫ2)2)
E2 = ǫ1
E3 =
1
2
(ǫ1 + ǫ2 −
√
8t2 + (ǫ1 − ǫ2)2). (S2)
The corresponding eigenvectors are
φ1 = −p
A
z + p
B
z −
1
2t
(−ǫ1 + ǫ2 +
√
8t2 + (ǫ1 − ǫ2)2)dz2
φ2 = p
A
z + p
B
z
φ3 = −p
A
z + p
B
z −
1
2t
(−ǫ1 + ǫ2 −
√
8t2 + (ǫ1 − ǫ2)2)dz2 .
The schematic molecular orbital φ1 is plotted in right side
of Fig. S1(b). From Fig. S1(c), we can also find that φ1
and φ3 are located around Fermi level and -4.5eV respec-
tively. φ2 is entirely attributed to OA/B-pz orbitals and
distributes around -2.6eV. Hence, φ1 with the dz2 like
bonding orbital and Zhang-Rice singlet with the dx2 like
bonding orbital dominate the electronic structure around
the BCO Fermi level. Based on the DFT results and
orbital fields, we construct a two-orbital tight-binding
(TB) model of Cu eg complex for the BCO. The Hamil-
tonian is given in Eq. (1) in the main text. Denoting dασ,
α = x(dx2), z(dz2)
Ht =
∑
kσ
εxxk d
†
kxσdkxσ +
∑
kσ
εxzk (d
†
kxσdkzσ + h.c.)
+
∑
kσ
εzzk d
†
kzσdkzσ +
∑
kσ
eαd
†
ασdασ (S3)
where εαβk is the kinetic energy due to intra and interor-
bital hopping, and eα is the on-site energy of dz2 and dx2
orbitals. Up to third nearest neighbor hopping, we have
εxxk = −2txγk − 4t
′
xαk − 2t
′′
xγ
′
k
εzzk = −2tzγk − 4t
′
zαk − 2t
′′
zγ
′
k
εxzk = 2txzβk + 2t
′′
xzβ
′
k (S4)
where the intraorbital hopping involves lattice harmonics
of A1 symmetry γk = cos kx + cos ky, αk = cos kx cos ky,
and γ′k = cos 2kx + cos 2ky, and the interorbital hopping
involves B1 harmonics βk = cos kx − cos ky and β
′
k =
cos 2kx−cos 2ky. The hopping parameters for the 1st (t),
2nd (t′), and 3rd (t′′) nearest neighbors are listed in Table
S2. The on-site energy of dx2 and dz2 are ex = 2.275eV
and ez = 3.2035eV .
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